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E INFO ABSTRACT 
 
ibition 
s 
This work is devoted to the corrosion inhibition of the 2024 aluminium alloy(AA2024) in neutral aqueous 
solution by 8-hydroxyquinoline (8-HQ) and benzotriazole (BTA). First, current-voltage cmves and global 
electrochemical impedance measurements confirmed that 8-HQ and BTA are two effective corrosion 
inhibitors for AA2024. Mixing the two compounds led to a synergistic effect for the corrosion protection 
of the alloy. From the impedance data analysis, it was shown that 8-HQ acted mainly on the aluminium 
matrix with an additional action of the BTA on the intermetallic particles. Then, to analyse the rote of the 
inhibitors on thegalvanic coupling between the aluminium matrix and the particles, local electrochemical 
impedance measurements were performed on a mode! system (Al/Cu couple). lt was shown that in the 
presence of 8-HQ or BTA atone, the galvanic coupling between copper and aluminium was little reduced 
white in the presence of both compounds together it was strongly limited. The local impedance results 
confirmed the specific inhibition of the 8-HQand of the BTA on Al and Cu respectively. 
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s, some compounds, such as rare earth salts (mostly 
9) or organic compounds, such as triazole, thiazole 
and more recently carbamate derivatives (10-16), 
nted interesting corrosion protection activity. lt was 
 this type of inhibitor acts on the copper-rich par­
asing their cathodic activity. Despite their promising 
e, these compounds do not achieve the same level 
n as chromates. To increase corrosion protection, the 
ures of inhibitors could be a good strategy. Recently, 
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The mat
sented in thQ is known for its chelating properties on different 
12,23,24) and BTA is well known as a corrosion inhibitor 
25 ]. These compounds are generally studied separately. 
of the present work is to investigate the 8-HQ + BTA mix­
 corrosion protection of2024 aluminium alloy and more 
 to obtain a clearer picture of the inhibitive effect of each 
 The final goal of this study is to develop a methodol­
could be used to evaluate and compare the efficiency 
 compounds or inhibitive mixtures. The methodology 
ased on the use of bath conventional and local electro­
pedance spectroscopy (EIS). It is important to keep in 
he degradation of the AA2024 is mainly due to local 
upling between the intermetallic particles and the sur­
atrix (26-33 ]. To investigate the action of the inhibitor 
n the particles, an Al/Cu model couple was used. ln a 
dy, this model couple was designed to understand the 
henomena associated with copper-rich intermetallics in 
alloys (34) and was recently used to study the corrosion 
f AA2024 by sodium decanoate (14). ental procedure
erials and the electrochemical techniques used are pre­
is section. The AA2024 electrode surface was examined 
Table 1
Chemical composition (wt.%) of 2024 T351 aluminium alloy.
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(Ecorr) of the AA2024 in a 0.1MNa2SO4 +0.05MNaCl solutionwith-
out inhibitor or in thepresenceof inhibitors: 8-HQ,BTAor amixture
of the two compounds. Without inhibitor, Ecorr stabilizes rapidly
whereas in the presence of the inhibitors Ecorr increases with timeCu Mg Mn Si Fe Zn Ti Al
4.50 1.44 0.60 0.06 0.13 0.02 0.03 Bal.
y optical and scanning electron microscopy after being immersed
n the solution containing the inhibitors.
.1. Materials
8-hydroxyquinoline (8-HQ) and benzotriazole (BTA) were
nalytical grade reagents (purity =99%) from Alfa Aesar and
igma–Aldrich respectively, and were used as received. The con-
entrations of 8-HQ (3×10−3 M) or for BTA (10−2 M) were chosen
ear their solubility limits in neutral solution. These concentrations
llowed the highest efﬁciency of the compounds tested alone to be
btained.
For the conventional electrochemical measurements, the cor-
osive medium was prepared from deionised water by adding
.1M Na2SO4 and a small concentration of chloride (0.05M
aCl) (reagent grade). Sodium sulphate was chosen to increase
he conductivity of the solution and for its low corrosiveness
oward aluminium alloys. For the local impedance experiments
Al/Cu model couple), dilute solutions were used: 10−3 MNaCl,
0−2 MBTA, 3×10−3 M8-HQor10−2 MBTA+3×10−3 M8-HQ. The
nhibitors were tested without NaCl in the deionised water to keep
solution with a low conductivity [34]. The electrolytes were in
ontact with air at room temperature (20 ◦C±2 ◦C).
Aluminium alloy 2024 T351 was used for the investigations.
he average chemical composition of the alloy is given in Table 1.
lectrochemical experiments were carried out on an AA2024 T351
od of 1 cm2 cross-sectional area machined from a rolled plate
cylinder surface parallel to the plane of rolling). For comparison,
ome electrochemical tests were performed on pure aluminium
99.9999wt.%), kindly provided by Praxair or on pure copper
99.9wt.%) purchased from Alfa Aesar. The body of the rods (1 cm2
ross-sectional area) was covered with a heat-shrinkable sheath,
eaving only the tip of the rod in contactwith the solution. The sam-
les were abraded with successive SiC papers and diamond pastes
grade 1200–1m), cleaned in ethanol in an ultrasonic bath and
nally dried in warm air.
In order to study the interactions between the inhibitors and
he matrix and/or the intermetallic particles, a simple system con-
isting of a pure aluminium/pure copper (Al/Cu) couple was used
34]. The electrode was prepared as follows: a cylinder of pure
luminium (99.9999wt.%) was drilled in its centre and a cylinder
f pure copper (99.9wt.%) was introduced by force into the hole
Fig. 1). The radii were 1 and 0.315 cm for the aluminium and cop-
er bars, respectively. The assembly of the two materials gave a
erfectly joined interface, avoiding crevice corrosion due to sur-
ace defects. The electrical resistance between Cu and Al was lower
han 0.5. The electrode was then embedded in an epoxy resin.
efore immersion in the electrolyte, the Al/Cu disk electrode was
repared in the same way as the AA2024 or pure Al and Cu rods.
.2. Electrochemical measurements
For the conventional experiments, a three-electrode cell was
sed with a platinum grid auxiliary electrode, a saturated calomel
eference electrode (SCE) and the rod of AA2024 or the pure Al rod
s rotating disk electrode. The rotation rate was ﬁxed at 500 rpm.
olarisation curves and electrochemical impedancemeasurements
ere obtained using a Biologic VSP apparatus. The anodic and
he cathodic parts were obtained independently from the cor-
osion potential at a potential sweep rate of 0.6V/h. Impedancediagramswere obtained at the corrosion potential over a frequency
range of 65kHz to a few mHz with eight points per decade using
a 20mV peak-to-peak sinusoidal potential. The electrochemical
results were obtained from at least three experiments to ensure
reproducibility.
The corrosion behaviour of the model couple with and with-
out inhibitor was studied by local electrochemical impedance
spectroscopy (LEIS). The measurements were carried out with
a Solartron 1287 Electrochemical Interface, a Solartron 1250
frequency response analyser and a Scanning Electrochemical
Workstation Model 370 (Uniscan Instruments). This method used
a ﬁve-electrode conﬁguration. Details are provided elsewhere
[35–39]. The probe (i.e., a bi-electrode allowing local current den-
sity measurement) was stepped across a selected area of the
sample. The analysed part had an area of 14mm×14mm and
the step size was 400m in the X and Y directions. Maps were
obtained at a ﬁxed frequency, chosen in the present case at 10Hz,
and admittance was plotted rather than impedance to improve
the visualization of the result. Local impedance diagrams were
recorded over a frequency range of 3 kHz–300mHz with ten points
per decade. The time to record all the local diagrams (from the
centre to the edge) was lower than 60min. The local impedance
measurements were carried out in a low conductivity medium to
optimize resolution. The measured conductivities of the different
media are reported in Table 2. With the experimental set up used,
only the normal component of the current was measured.
2.3. Surface characterization
The AA2024 surfacewas observed after 20h of immersion in the
solution (0.1MNa2SO4 +0.05MNaCl) containing the inhibitors bya
scanning electronmicroscopewith a Leo435VPapparatus to obtain
a better description of the corrosion morphology, particularly on
the intermetallic particles. Observations of the Al/Cu interface of
the model couple were also performed by optical microscopy with
a Nikon Eclipse MA200 microscope after 20h of immersion in the
solution containing the inhibitors.
3. Results and discussion
Fig. 2 illustrates the variation of the free corrosion potentialFig. 1. Schematic representation of the pure aluminium/pure copper model couple.
The radii of the two cylinders were equal to 1 and 0.315 cm for aluminium and
copper bars, respectively. The electrode was then embedded in an epoxy resin so
that a disk electrode was obtained at the extremity.
Table2 
Electrolyte conductivity with and without inhibitors in deionised water. 
10-3 M NaCI 8-HQ(3 x 10-3 M) 
Conductivity (µ.5 cm· 1) 101.5 2.1
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2.1 6.5
rved. On the plateau, the current densities are lower 
easured in the presence ofBTA. ln the presence of the 
the two compounds. there is a significant drop of the 
rrent densities. Close to the corrosion potential (Ecorr ), 
tential range of 200 mV, the current densities remain 
cm-2) compared to the values measured in the absence 
 (> 100 µAcm-2). ln the anodic range, near Ecorr , the 
 curves obtained with the BTA or with the 8-HQshow a 
ase of the current densities. At more positive potentials 
.5 V/SCE), an abrupt increase of the current densities due 
down of the passive film and to the development of pits 
 (Epît = -0.5 V/SCE). ln the presence of the mixture, Ecorr 
 the cathodic direction and an anodic current plateau 
. Then, around -0.5 V/SCE, an increase of the current 
, as in the presence of 8-HQ or BTA. Under sponta­
sion conditions, pits will nucleate ifEcorr � Epît• Without 
rr = Eptt and in the presence of the inhibitive mixture, 
ed in the cathodic direction. Therefore, the probability 
elopment of pits occurs decreases. 
bservations of the electrode surface were performed 
r 20 h of immersion in the electrolyte containing each 
 the inhibitor mixture. SEM micrographs of the inter­
rticles are reported in Fig. 4. ln the presence of BTA, 
 particles are attacked (Fig. 4a and b ). A deep crevice 
 at the matrix/particle interface. The crevice is partially 
he dissolution of the Al matrix close to the interface 
 presence of 8-HQ, mainly the A)iCuMg particles were 
ig. 4c) and most of the others remained undamaged 
 the presence of the mixture, neither the observed par­
e and f) nor the matrix were corroded. 
lts obtained from the polarisation curves were con­een 8-HQ and BTA for the corrosion protection of 
M micrographs showed that in the presence of BTA or 
, the corrosion processes associated with the galvanic
tween the particles and the matrix remained active 
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the presence of the 8-HQ + BTA mixture, galvanic cor­
strongly reduced. 
nce measurements 
nd local electrochemical impedance measurements 
med to elucidate the rote of each inhibitor on the corro­
our of M2024. Global impedance diagrams were first 
 pure Al with and without 8-HQ to separate the con­
 the molecule from the impedance response obtained 
. Then, the diagrams were obtained on M2024 in the 
 8-HQ or 8-HQ + BTA. 
l impedance measurements 
dance diagrams obtained on pure aluminium after 20 h 
n in the neutral solution with and without 8-HQ are 
g. 5 in Bode coordinates. ln the absence of inhibitor, the 
sents only one time constant which is associated to the 
 the passive film and to oxygen reduction on the pas­
9). ln the presence of 8-HQ, the impedance modulus 
odified by comparison with the blank solution whereas 
nstants are visible on the phase angle. The first time 
 the high frequency range was attributed to the forma­
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10, an equivalent circuit composed of a ReF//CPEox ele­
e proposed to describe the behaviour of pure Al in the
(Fig. Ga). The ReF resistance was added to account for 
reduction reaction on the oxide layer. ln the solution
8-HQ, in order to take into account the presence of the
Fig. S. Electroc
of immersion a
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that the presence of the aluminium chelates decreases 
urface in contact with the electrolyte. This equivalent 
milar to that often used to describe the behaviour of 
tings (40,41 ). The two circuits (Fig. 6) were chosen to Frequency / Hz 
hemical impedance diagrams obtained on pure aluminium after 20 h 
tf,orr in a 0.1 M Na25O4 +0.05 M NaCI solution: (O)without inhibitor 
-HQ; electrode rotation rate: 500rpm. 
Table3 
Fitted parameters obtained for pure aluminium after 20 h of immersion in 0.1 M Na2SO4 + 0.05 M Na Cl solutions with or without 8 -HQ. 
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hemical impedance diagrams obtained on AA2024 after 20 h of 
E,orr in a 0.1 M Na25O4 +0.05 M NaCI solution containing: (□) 8-HQ 
+BTA. The diagram obtained in the absence of inhibitor is reported in 
 comparison; electrode rotation rate: 500 rpm. 
Table4 
Fitted parameters obtained for AA2024 after 20 h of immersion in 0.1 M Na2SO4 +0.05 M NaCI solution with 8-HQ and with 8-HQ + BTA mixture. 
8-HQ(3 x 10
8-HQ(3 x 10
characterize
HQacts ma
oxide layer 
fied in the p
attributed t
particles, im
a strong lim
the charge t
For comp
of inhibitor
metal is not
(Fig. 3). The
first one (ar
mainly on t
frequency r
diffusion, pa
the diagram
The synergi
(Fig. 7 and T
ture of 8-H
diagrams o
tion of 10-
than 105 n 
ent mechan
2024 alumi
only an ave
surface was
ticularly on
interface, LE
couple. 
3.2.2. Local
Two map
solution wit
ture are sho
higher (low
galvanic cou
minium is in
mixture (Fi
nificantly lo
) ±5%
ive e
ance
ive e
n on
al im
ial p
s w
ibiti
9a, b
ctiv
impe
igh im
ive a
ted t
. In 
rese
e BT
 by a
 Wit
 spec
al im
our b
pos
fBTA
cally 
d in
r det
aram
he p
b ), t
 in 
c, it 
zes"
an b
mete
Fig. 8. Mappin
NaCI) containi-3 M)
-3 M)+ BTA(l0-2 M) 
a, ±0.5% 
0.92 
0.93 
<lf/(n-1 cm-2 sa) ±3% 
2 J0-6 
2 J0-6 
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Table 5
Corrosion potential values measured after 20h of immersion.
Ecorr/V vs SCE
(deionised water)
Ecorr/V vs SCE
(0.1M
Na2SO4 +0.05M
NaCl)
Cu Al Al/Cu couple AA2024
8-HQ (3×10−3 M) −0.05 −0.76 −0.47 −0.54
2
I
f
c
e
t
m
t
C
F
i
aBTA (10−2 M) 0.09 −0.93 −0.64 −0.59
8-HQ (3×10−3 M) +BTA (10−2 M) −0.05 −0.84 −0.81 −0.67
The Al/Cu interface was observed by optical microscopy after
0h of immersion in the solution containing the inhibitors (Fig. 11).
n thepresenceof BTA, a deep crevicewas formedat theAl/Cu inter-
ace. In the presence of 8-HQ, the crevice was still visible and the
opper surface presented a bright colour near the interface while,
xcept in this zone, it appeared tarnished. With the inhibitive mix-
ure, the crevice is no longer observed and the two parts of the
odel couple appear bright. The micrograph clearly shows that in
he presence of 8-HQ+BTA the galvanic coupling between Al and
u disappeared. This is in agreement with the SEM micrographs
ig. 11. Optical micrographs of the Al/Cu couple interface after 20h of immersion
n an aqueous solution (deionised water without NaCl): (a) with BTA, (b) with 8-HQ
nd (c) with 8-HQ+BTA; static electrode.shown in Fig. 3(f) for the alloy. For AA2024, even though the scale
was not the same (4% of copper-rich intermetallic particles instead
of 11% copper in the model couple), it can be assumed that the
mechanisms are similar [34].
Thegalvanic corrosion isdue to the fact that thecorrosionpoten-
tials of the two metals in the model couple are different (for the
AA2024 the corrosion potential of the Al matrix is different from
that of the intermetallic particles). Thus, to have a better insight
into the modiﬁcation of the corrosion potentials in the presence of
the inhibitors, the corrosion potentials of pure Al and pure Cu in
the presence of 8-HQ, of BTA and of the mixture were measured
and compared to that of the Al/Cu model couple. The results are
reported in Table 5. It can be seen that for pure Cu, Ecorr is shifted
in the anodic direction in the presence of BTA. For pure Al, Ecorr is
relatively similar with and without BTA, which agrees with the fact
that 8-HQ acts only on Al. For the model couple, it is interesting
to note that Ecorr is signiﬁcantly shifted in the cathodic direction
in the presence of the inhibitive mixture and its value is close to
that of pure Al in the solution containing the two inhibitors. This
result demonstrates that in the presence of the 8-HQ+BTA, the role
of Cu becomes negligible due to the high efﬁciency of BTA which
strongly limits oxygen reduction, and as a consequence the gal-
vanic coupling disappears. In the presence of BTA or 8-HQ alone,
the corrosion potentials of Cu and Al are different and galvanic cou-
pling cannot be avoided as it observed in the micrographs (Fig. 11).
Finally, for comparison, the corrosion potential of the AA2024 is
reported in Table 5. Although the Ecorr values are different from
those measured for the model couple (mainly due to the fact that
the ratio Cu surface area/Al surface area was different in the model
couple and for the alloy), a similar shift of Ecorr can be observed in
the presence of the 8-HQ+BTA mixture by comparison with the
Ecorr values measured in the presence of the compounds tested
alone. Thus, in agreement with the other presented results, it can
be assumed that the mechanisms are similar for the Al/Cu couple
and for the AA2024 in the presence of the inhibitors.
4. Conclusions
The present study conﬁrmed that 8-HQ and BTA are two effec-
tive corrosion inhibitors of AA2024. From both global and local
electrochemical measurements, it was shown that the mixture
of 8-HQ and BTA presented a synergistic effect for the corrosion
protection of this alloy. It is explained by the two different mech-
anisms by which BTA and 8-HQ inhibit corrosion: the action of
BTA is mainly limited to the copper-rich intermetallic particles;
8-HQ acts on the aluminium matrix due to its chelating properties.
The more signiﬁcant result is that, in the presence of both com-
pounds, the galvanic coupling responsible for the corrosion process
is strongly limited which is not the case when the inhibitors are
used separately. This electrochemical result was conﬁrmed by SEM
observations.
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